The structural, electronic, dielectric and vibrational properties of zinc-blende (ZB) InAs were studied within the framework of density functional theory (DFT) by employing local density approximation and norm-conserving pseudopotentials. The optimal lattice parameter, direct band gap, static dielectric constant, phonon frequencies and Born effective charges calculated by treating In-4d electrons as valence states are in satisfactory agreement with other reported theoretical and experimental findings. The calculated band gap is reasonably accurate and improved in comparison to other findings.
Introduction
InAs is a narrow band gap semiconductor of IIIA-VA group with several potential applications in optical spectroscopy and opto-electronic devices [1] . Owing to high electron mobility, it has been used in high speed electronic devices [2, 3] . The binary semiconductors of III-V group are widely used in hetro-structures and tunable opto-electronic devices in high frequency limit [4] . The performance of these devices mainly rely on inherent transport properties of these materials such as phonon frequencies and dielectric constants etc. Due to this reason, the electronic, dielectric and vibrational properties of these materials are rigorously studied. The experimentally observed dielectric constants and phonon properties of InAs for zinc-blende (ZB) structure were reported in ref. [5, 6] . The elastic properties of InAs were investigated by L. Louail and coauthors in ref. [7] . Several other authors also studied InAs and have reported band gap, bands dispersion, and density of states [8] [9] [10] [11] . The lattice dynamics properties such as electronic, dielectric and vibrational properties, of InAs and some other ZB alloys were reported by using norm-conserving pseudopotentials within the formulism of generalized gradient approximation (GGA) [12] however, the band gap reported was significantly underestimated. So far, the structural, electronic, dielectric and vibrational properties of InAs by employing local density approximation and norm-conserving pseudopotentials that treat In-4d electrons [13, 14] as valence states have not been reported.
The main objective of this paper is to employ tabulated M.H. Lee's norm-conserving pseudopotentials (NCPPs) and density functional theory (DFT) within the local density exchange correlation functional to study the structural, electronic, dielectric and vibrational properties of zincblende cubic phase InAs, and provide a comparison with other calculated and observed findings. This potential treats In-4d electrons as valence states and generates fairly accurate hard potential in comparison to the potential generated when 4d electrons are considered as core states. In most cases, when gradient approximations and local density approximation are used with ultrasoft pseudopotentials, the band gap is underestimated which is natural in DFT simulations. Similar is the case of InAs when soft potentials are used however, the situation becomes interesting when In-4d electrons are treated as valence states.
The manuscript is organized as follows. In Section 2, computational method is given. Results and discussion related to structural properties, band structure, electronic, dielectric and vibrational properties are given in Section 3. The last section concludes our work.
Computational method
The exchange-correlation energy of electrons was represented by local density approximation (LDA-CA-PZ) [15] and valence electrons-ions interactions were represented by tabulated M.H. Lee's [13] norm-conserving pseudopo-tentials (NCPPs) within CASTEP [16, 17] . In-4d electrons were treated as valence states to investigate the structural, electronic, dielectric and vibrational properties of zincblende (ZB) cubic phase InAs. The structure of InAs (Hermann-Mauguin group F-43M) is shown in Figure 1 with In atoms at lattice origin and As atoms positioned at fractional coordinate (1/4,1/4,1/4). Spin-polarized calculations were performed with all bands/EDFT electronic minimizer and total spin was optimized after each SCF cycle. The kinetic energy cutoff of 900 eV was selected after minimizing final energy of the system. The k-points grid [18, 19] of 12 × 12 × 12 was less than 0.01meV converged therefore, it was selected to calculate the optimized lattice parameter. After optimizing lattice constant, band structure, percentage contribution of each orbital as function of total density of states, and optical properties were computed. The ultrasoft pseudopotentials formulism becomes complex and intractable when linear response method is implemented for phonon calculations therefore, we employed norm-conserving pseudopotentials in our calculations. Besides, non spin-polarized calculations were considered for phonons only as CASTEP does not support linear response method [20, 21] with spinpolarized systems.
Results and discussion

Structural properties
InAs belongs to face-centered cubic (FCC) Bravais lattice and due to symmetry constraints, the length of three lattice vectors is same. To find the optimized lattice constant, the length a was varied to determine the volume with minimum final energy. The obtained data was fitted to spline interpolant function to calculate the optimized length of the lattice vector a. The calculated optimal lattice constant at aforementioned kinetic energy cutoff and k-points grid was 6.0185 Å. It is 0.52% off from the experimentally determined value of 6.0500 Å [22] . The obtained value of optimized lattice vector a is in satisfactory agreement with earlier reported findings. The comparison of our calculated lattice length a with other theoretically and experimentally determined lattice parameters is given in Table 1 . In general, the local density approximation overbinds atoms in comparison to the gradient approximations and slightly underestimates the lattice constant. The same attribute is visible in our results however, the calculated value is in satisfactory agreement with other findings. The optimized value of the lattice constant was used in further calculations. 
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Band structure
The electronic bands dispersion of InAs without including spin-orbit coupling (SOC) was calculated along six high symmetry points following the circuit W-L-G-X-W-K where G represents the zone center Γ. The bands energy was arranged such that the Fermi level (E F ) was located at 0. The maximum of valence band and minimum of conduction band occurred at zone center G that is Γ point therefore, InAs has a direct band gap of 0.368 eV. The calculated gap of L-valley along [111] and X-valley along [100] was 1.298 eV and 1.432 eV respectively. The band structure was calculated by treating 4d electrons of In as valence states. It is worth mentioning at this point that by considering 4d electrons of In as core states, the electronic bands dispersion was correct however, the band gap was quantitatively wrong therefore, 4d states of In were considered as valence states. In density functional theory calculations, the exchange-correlation functionals underestimate the band gap that cannot be avoided however, by using different methods the band gap can be improved. Similarly, the band gap calculated in our work by using LDA-CA-PZ, NCPPs and all bands/EDFT electronic minimizer is underestimated however, it is in satisfactory agreement with an experimentally determined value of 0.420 eV [8] . The calculated value of band gap is 12.38 % underestimated in comparison to the experimentally determined value of 0.420 eV. The calculated band structure without spin-orbit coupling is shown in Figure 2 . 
Electronic properties
Spin-polarized density of states was calculated at prior given parameters. The up and down spin states were symmetric therefore, the number of electrons with up spin were exactly same as the number of electrons with down spin and hence, no magnetic moment was present. To further understand the contribution of orbitals, the percentage con-tribution of each orbital was calculated as a function of total density of states (DOS). For the analysis, the valence band was divided into three regions such as upper valence band (UVB), middle valence band (MVB) and lower valence band (LVB). The upper valence band region was from 0 to -6 eV, middle valence band region was from -9.5 to -12 eV and lower valence band region was from -15 to -15.8 eV. Similarly, the conduction band (CB) region was from 0 to 17.5 eV. The calculated percentage contribution of orbitals as function of total density of states is shown in The CB is dominantly comprised of In-p states with few In-s, As-s and As-p states. At 1.517 eV in the conduction band, In-s orbital contribution to total DOS is 17.95 % (Figure 3 (a) ), In-p orbital contribution is 32.73 % ( Figure  3 (b) ), In-d orbital contribution is 0.18 % (Figure 3 (c) ), As-s orbital contribution is 57.22 % (Figure 3 (d) ) and As-p orbital contribution is 18.43 % (Figure 3 (e) ). The upper valence band near Fermi level (E F ) is mainly composed of the contribution of As-p orbitals however, few In-s and In-p hybridized states also contribute in the upper valence band. The contribution of In-s orbital near Fermi level is 0.24 % (Figure 3 (f) ), In-p orbital contribution is 11.32 % (Figure 3 (g) ), In-d orbital contribution is 0.99 % (Figure 3 (h)), As-s orbital contribution is 0.95 % (Figure 3 (i) ) and As-p orbital contribution is 86.65 % (Figure 3 (j) ). At -9.72 eV in the middle valence band, In-s orbital contribution is 3.33 % (Figure 3 (k) ), In-p orbital contribution is 13.97 % (Figure 3 (l) ), In-d orbital contribution is 3.76 % ( Figure  3 (m) ), As-s orbital contribution is 80.49 % (Figure 3 (n) ) and As-p orbital contribution is 0.31 % (Figure 3 (o) ). At -11.68 eV in the same valence band, In-s orbital contribution is 90.82 % (Figure 3 (k) ), In-p orbital contribution is 2.56 % (Figure 3 (l) ), In-d orbital contribution is 0.30 % (Figure 3 (m) ), As-s orbital contribution is 64.46 % ( Figure  3 (n) ) and As-p orbital contribution is 0.69 % (Figure 3  (o) ). Overall, In-s, In-p and As-s orbitals contribute in middle valence band however, the As-s orbital contribution is dominant. In lower valence band, In-4d orbitals have dominant contribution. At -15.46 eV, In-s orbital contribution to the total DOS is 0.03 % (Figure 3 (p) ), In-p orbital contribution is 0.02 % (Figure 3 (q) ), In-d orbital contribution is 99.12 % (Figure 3 (r) ), As-s orbital contribution is 0.28 % (Figure 3 (s) ) and As-p orbital contribution is 0.57 % (Figure 3 (t) ). The calculated percentage contribution is in satisfactory agreement with ref. [12] . As-p 
Dielectric properties
The long distance characteristic of Coulomb forces is responsible for generating macroscopic electric fields at Γ point for longitudinal optic (LO) phonons in polar semiconductors and insulators. The coupling behavior between longitudinal phonons and non-periodic electric field produces LO-TO splitting at the Γ point. A quantitative measure of the splitting is calculated from the static dielectric constant of the crystal and Born effective charges of ions [40] [41] [42] . The Born effective charge tensor Z B κ,αβ , is a measure of per unit cell macroscopic polarization (℘), that is created in α-direction by the displacement of atom κ in β-direction at the constraint of vanishing electric field and is given by
where C is the linear order proportionality coefficient. The calculated value of Born effective charges following acoustic sum rule κ Z B κ = 0, is 2.38 which is in satisfactory agreement with reported value [12] . The linear response of a system to an electromagnetic radiation is linked to the interactions between photons and electrons. These interactions are represented by time dependent perturbations of the ground state electronic states and the complex dielectric function 2 (ω) describes actual transitions within the occupied and unoccupied electronic states. The calculated dielectric function is shown in Figure 4 . The energy range is selected from 0 to 15 eV. The calculated static dielectric constant is 13.25, that is close to the calculated value reported in ref. [12] and experimentally determined value reported in ref. [6] . The dielectric function curve has one minor peak, one major peak and a weak hump. The first minor peak is around 2.63 eV that corresponds to the electronic transition X c 6 -L v 8 (see Figure  2 ). The second peak that is a major peak is at about 4.14 eV, attributes to the electronic transition K c 6 -K v 8 (see Figure  2 ). The third peak is approximately around 5.48 eV that corresponds to the electronic transition L c 7 -L v 8 (see Figure  2 ).
Vibrational properties
The phonon dispersion was calculated by using Gonze's linear response method [20, 21] that treats atomic displacements as perturbations. In DFT, total energy is a function of electron density and hence, DFT equations can be solved by determining the minimum of total energy. Similarly, in density functional perturbation theory (DFPT), second order perturbation in total energy is minimized. The electronic second order energy minimized in Materials Studio is given by
where the superscript 0 represents ground state, 1 refers to first order change and 2 gives the second order change.
For total energy of ions, the terms that evolve are similar. The precondition conjugate gradients minimization method is employed to determine the minimum of this functional with respect to first order wavefunctions and then, the dynamical matrix for a known q is computed from the converged first order wavefunctions and densities [21] . The gradient corrected exchange correlation functionals may yield less accurate results with linear response method as compared to local density approximation therefore, we have used LDA-CA-PZ in our calculations.
The calculated phonon dispersion along the path W-L-G-X-W-K and phonon density of states are shown in Figure  5 . The phonon dispersion curve has six branches as it was calculated by using a primitive cell of two atoms. The branches include two transverse-acoustic (TA), one longitudinal-acoustic (LA), two transverse-optical (TO) and one longitudinal-optical (LO). The optical branches are smooth however, the acoustic branches are steep at the Γ point. The LO-TO splitting as calculated from the phonon dispersion is 19.6 cm −1 that is slightly lower in comparison to ref. [6, 12] but in reasonable agreement. The phonon frequencies calculated at prior mentioned high symmetry points are given in Table 2 . 
Conclusion
In conclusion, we have reported the structural, electronic, dielectric and vibrational properties of zinc-blende (ZB) cubic phase InAs. Several authors have reported theoretical results on InAs by using GGA and ultrasoft pseudopotentials however, we have used local density approximation with tabulated norm-conserving pseudopotentials (hard and accurate) in Materials Studio 2017. By treating In-4d electrons as valence states, improved lattice constant of 6.0185 Å and band gap of 0.368 eV (without SOC) have been obtained. The calculated lattice parameter and band gap are compared with other reported theoretical and experimental findings. For further investigation of lattice dynamics, dielectric tensor and Born effective charge tensor were calculated and compared with available data. The calculated static dielectric constant of 13.25 is in agreement with theory and experiment besides, the Born effective charge of 2.38 is in fair agreement with ref. [12] . The Gonze's linear response method is direct and reliable for the calculation of phonon frequencies therefore, it was employed. The obtained value of LO-TO splitting was 19.6 cm −1 , that is in reasonable agreement with other results.
